Abstract. This paper describes the neutronic benchmarks and the results obtained by the various participants of the FP7 project EVOL and the ROSATOM project MARS. The aim of the benchmarks was two-fold: first to verify and validate each of the code packages of the project partners, adapted for liquid-fueled reactors, and second to check the dependence of the core characteristics to nuclear data set for application on a molten salt fast reactor (MSFR). The MSFR operates with the thorium fuel cycle and can be started with 233 U-enriched U and/or TRU elements as initial fissile load. All three compositions were covered by the present benchmark. The calculations have confirmed that the MSFR has very favorable characteristics not present in other Gen4 fast reactors, like strong negative temperature and void reactivity coefficients, a low-fissile inventory, a reduced longlived waste production and its burning capacities of nuclear waste produced in currently operational reactors.
Introduction
The molten salt reactor (MSR) concept is one of the reference nuclear systems identified by the Generation-IV International Forum (GIF) [1] . Since 2004, the National Centre for Scientific Research (CNRS, Grenoble-France) has focused R&D efforts on the development of a new MSR concept called the molten salt fast reactor (MSFR). The MSFR, with a fast neutron spectrum and operated in the thorium fuel cycle, may be started either with 233 U, enriched U and/or TRU elements as initial fissile load. This concept has been recognized as a long-term alternative to solid-fuelled fast neutron systems with a unique potential (negative temperature and void coefficients, lower fissile inventory, no initial criticality reserve, simplified fuel cycle, wastes reduction, etc.).
The Euratom FP7 project EVOL (Evaluation and Viability of Liquid Fuel Fast Reactor Systems) has been carried out since 2011 in collaboration with Russian research organizations cooperating in the ROSATOM project named MARS (Minor Actinides Recycling in Molten Salt). The common objective of these projects is to propose a conceptual design of MSFR as the best system configuration À resulting from physical, chemical and material studies À for the reactor core, the reprocessing unit and waste conditioning. The first objective of the work package "Design&Safety" in EVOL addresses the improvement of the core geometry of the MSFR. A comparison of the different numerical tools for the reactor analysis used by the partners of the EVOL and MARS projects has been realized. This evaluation comprises two sets of benchmarks, of which the first one focuses on the neutronics aspects (both static and dynamic) of the reactor.
The neutronic benchmark was carried out using different reactor working parameters with two aims: first, to compare the results of the different codes at various working conditions. Second, to use these results to perform an initial optimization of the core parameters that would allow defining a reference design to be used for the second set of benchmark studies. Special emphasis was given to the adequacy of the codes to correctly account for the effects of the presence of a liquid fuel and a fast neutron spectrum in the core of the MSFR.
In this article, Section 2 provides the characteristics of the MSFR used in the studies (core and the main fuel circuit systems). Section 3 provides the details of the neutronic benchmark. Finally, Section 4 presents the results from both static and evolution reactor calculations.
MSFR presentation
Starting from the Oak-Ridge National Laboratory Molten Salt Breeder Reactor project [2] , the innovative MSFR concept has been proposed, resulting from extensive parametric studies in which various core arrangements, reprocessing performances and salt compositions were investigated with a view to the deployment of a thoriumbased reactor fleet on a worldwide scale [3] [4] [5] [6] [7] [8] [9] . The primary feature of the MSFR concept versus that of other older MSR designs is the absence of graphite moderator in the core (graphite-free core), resulting in a breeder reactor with a fast neutron spectrum and operated in the thorium fuel cycle as described below. The MSFR has been recognized as a long-term alternative to solid-fuelled fast neutron systems with a unique potential (excellent safety coefficients, small fissile inventory, no need for surplus reactivity, simplified fuel cycle, etc.) and has thus been officially selected for further studies by the Generation IV International Forum since 2008 [1, [10] [11] [12] [13] [14] .
Concept overview
The reference MSFR is a 3000 MW th reactor with a fast neutron spectrum and based on the thorium fuel cycle as previously mentioned. In the MSFR, the liquid fuel processing is an integral part of the reactor where a small fraction of the molten salt (40 L/day) is set aside to be processed for fission product removal and then returned to the reactor. This is fundamentally different from a solidfuelled reactor where separate facilities produce the solid fuel and process the spent nuclear fuel (SNF). The MSFR can be operated with widely varying fuel compositions, thanks to its online fuel control and flexible fuel processing: its initial fissile load may comprise 233 U, 235 U-enriched natural uranium (between 5% and 30%), or the transuranic (TRU) elements currently produced by PWRs.
The MSFR plant includes three main circuits involved in power generation: the fuel circuit, the intermediate circuit and the power conversion circuit. The fuel circuit is defined as the circuit containing the fuel salt during power generation and includes the core cavity and the cooling sectors allowing the heat extraction. The nuclear fission reactions take place in the cavity where a critical mass of the flowing fuel salt is reached. The core cavity can be decomposed in three free volumes: the active core, the upper extraction volume and the lower injection volume. The salt's thermalhydraulic behavior is closely coupled to its neutronic behavior, because the salt's circulating time (4 s) and the lifetime of the precursors (around 10 s) are on the same order of magnitude. A sketch of the fuel circuit layout is presented in Figure 1 .
Optimization studies have been performed prior to the beginning of the EVOL project, based on neutronic considerations (feedback coefficients and breeding capability), material damages and heat extraction efficiency, which resulted in MSFR configurations with a total fuel salt volume of 18 m 3 , half of the salt (9 m 3 ) located in the core and half in the external circuits as explained above. Based on these preliminary studies and for the purpose of the current analysis, the core cavity was assumed to have a cylindrical shape with a height to diameter ratio (H/D) equal 1 (to minimize the neutron leakage and thus to improve the breeding ratio). A more complete description of the design is given in the following sections.
Systems description of the MSFR fuel circuit
As mentioned, during normal operation, the fuel salt circulates in the core and in 16 external modules, so called fuel loops. Each of them contains a pump, a heat exchanger and a bubbling system (external modules). The time circulation of the fuel salt is on the order of a few seconds, depending on the specific core power and the salt temperature rise (DT) in the core. The principal reactor systems, which have an impact on the core optimization, will be discussed in detail in the following paragraphs.
-Core: The active core region is defined as the salt volume where most nuclear fissions take place. It includes the flowing salt in the central cavity, the injection zone (bottom part of the core) and the extraction zone (top part of the core). In the MSFR core, there is no solid moderator or any internal support structure except for the wall materials. As previously mentioned, the reference concept is designed for a nominal power of 3 GW th , with a salt temperature rise preliminary fixed at DT = 100 K. The operating temperatures chosen in the initial simulations were 650°C (inlet temperature) and 750°C (outlet temperature). The lower limit is set by to the salt's melting point (565°C), while the upper limit is imposed by the structural materials performance (limit around 800°C). The core working parameters were defined after performing various parametric studies seeking for low neutron losses, low reflector irradiation and minimal fissile inventory, while maintaining a fuel salt volume in the heat exchangers large enough to ensure that salt cooling by DT = À100 K is feasible. The resulting core shape is roughly a cylinder, with 1/2 of the entire salt volume inside the core, the rest being located in the external fuel loops. This core geometry has to be further optimized to guarantee a stable flow in the core. -Fuel salt: The choice of the fuel salt composition relies on several parametric reactor studies (chemical and neutronic considerations, burning capabilities, safety coefficients and deployment capabilities). The optimal fuel salt composition is a binary fluoride salt, composed of LiF enriched in 7 Li to 99.995% and a heavy nuclei (HN) mixture initially composed of fertile thorium and fissile matter. This salt composition leads to a fast neutron spectrum in the core. With a melting temperature of 565°C, the mean operating temperature has been chosen at around 700°C (see above). The actinides produced during reactor operation are soluble in the fluoride salt within the solubility limit of valence 3 elements. The fission products created during operation can be soluble or insoluble in the salt. To maintain the physicochemical and neutronic characteristics of the salt, it is necessary to clean the salt, i.e. to extract the fission products. It is important to stress that due to the fast neutron spectrum of the MSFR, the impact of the fission products on the neutron economy is relatively small and thus the control of the physicochemical properties is clearly the main aim of the reprocessing unit. The temperature of the salt depends strongly on the operation of the pumps and the cooling in the heat exchangers.
-Upper and lower reflectors: The lower and upper walls of the core are neutronic reflectors. A NiCrW Hastelloy has been selected (see Sect. 2.3.2 for its composition) as a structural material candidate for the reflector walls and for all other internal walls in contact with the fuel salt. The upper reflector is submitted to mechanical, thermal (the fuel salt's mean temperature in the extraction area is around 750°C with possible spatial and time-dependent fluctuations) and radiation constraints. The combination of high temperature and high radiation levels seems to be the biggest challenge for the proposed alloy so that the surface of the upper reflector may require a thermal protection. Due to the significant lower inlet temperature, the lower reflector is under reduced thermal stress. Optimized shapes of these reflectors will be studied to ensure the most stable thermal flow in the core. -Fertile blanket: This component serves as radial reflector and as a neutron shield to protect the external components of the fuel loops (pipes, heat exchangers). In addition to this protection function, the fertile blanket is used to improve the breeding capabilities of the reactor. The walls of the blanket containment are made of a Nibased alloy for corrosion resistance and have an external layer of B 4 C on the outer wall to further reinforce the neutronic shielding. The salt in the blanket is of the same type as the one in the core but with 22.5 mol% of Th and without any initial fissile material. Since the thorium present in the fertile salt is exposed to the core neutron flux, it will generate the 233 U fissile element. A small fraction of the 233 U produced in the blanket will fission so that fission products are produced in the blanket and will need to be extracted. In addition, the power arising from the 233 U fissions (13 MW) and from the captures on thorium (24 MW) will heat up the fertile salt in the blanket. It has been found that this heat cannot be evacuated through the blanket walls by a natural convection mechanism of the fertile salt. Therefore, a fertile blanket external cooling system will be necessary. If breeding is not required, the MSFR design could be simplified by replacing the fertile blanket by an inert reflector, identical to the axial reflectors. Optimized shapes of the fertile blanket may also be studied to improve the thermal flow in the core.
-Cooling/recirculation loops (Â16): Each of the 16 cooling/recirculation loop is composed of one heat exchanger (HX) and one pump (see below). -Heat exchanger (Â16): Each heat exchanger (HX) unit has to extract about 187 MW during normal operation. The HX design is challenging since a very compact design is needed (to reduce the volume of the fuel salt outside the core) but on the other hand the maximum compactness achievable has to be limited by considerations on the HX pressure drop, the maximum velocity allowed for the salt (erosion) and the thermodynamic properties of the working fluids. A preliminary design has been developed based on a plate heat exchanger type, which allows for a reasonable compromise between compactness (exchange surface) and pressure drop. This preliminary design is adequate for the purpose of the current benchmarks but will require further studies (in particular related to the geometry, materials and fabrication) to allow for a better optimization. The design of this component impacts the heating DT in the core when both reactor power and total fuel volume are fixed. -Pump (Â16): The salt is circulated in the reactor by 16 pumps located in each of the fuel loops. The fuel salt flow rate is about 0.28 m 3 /s to guarantee an adequate temperature rise in the core for the current core power level. The power of the pumps has an impact on the circulation time of the salt and thus on the heating in the core. -Reactor vessel: The core and the reactor systems (components of fuel loops such as pipes, pumps, HX, etc.) described before are contained inside a reactor vessel that is filled with an inert gas (argon). As in the original experimental reactor MSRE, the inert gas has a double function: it is used to cool the reactor components by maintaining the gas temperature at around 400°C; and it allows for sampling to early detect a possible salt leak. Note that fixing the gas temperature at 400°C will guarantee that in the event of a small fuel salt leak, the salt should solidify since its melting temperature is equal to 565°C. The reactor vessel parameters (geometrical and material) do not directly impact the core performance (and thus are not needed for the optimization) but will be necessary for the safety analysis.
An integrated geometry of the fuel circuit [15, 16] has been developed in order to prevent the risk of fuel leakages highlighted by preliminary safety and optimization studies. Table 1 . The third column summarizes the values used in these studies, at a mean temperature of 700°C (halfway between the low and the high operating temperatures). Because fission products and new heavy nuclei are produced in the salt during reactor operation up to some mole% only, we have considered they do not impact these salt physicochemical properties. The same data are used in the simulations for the fertile salt.
Structural materials
The reflectors are made of a Ni-based alloy [18] . The density of the Ni-based alloy, whose composition is detailed in Table 2 , is equal to 10 g/cm 3 . This material will not be exposed to a high neutron flux since there is no matter in the high flux area in the MSFR; hence, the choice of its composition is not too constrained. Preliminary studies of the irradiation damages have been performed in the frame of the EVOL project [19] and in previous collaborations [20] . A segmented geometry of the MSFR core is currently being defined in the frame of the SAMOFAR (Safety Assessment of the MOlten salt FAst Reactor) project of the Horizon2020 Euratom program, to simplify the maintenance operations as for the replacement of the wall between the fuel salt and the fertile salt if necessary.
Concerning the neutronics protection, we have considered the composition of natural boron: 19.8% of 10 B and 80.2% of 11 B. The B 4 C density is set to 2.52 g/cm 3 .
Neutronic benchmark of the MSFR: presentation
A first benchmark has been defined on a simple geometry to compare all neutronic calculations and check the effects of all possible assumptions. The choice of a simple geometry allows saving computer time and being able to compare all code solutions and all assumptions. The knowledge from this starting point is crucial to interpret follow-up results, obtained from more complex geometries. Working on such "real" geometries and design is the main final objective of EVOL.
The neutronic benchmark was thus carried out using different reactor working parameters with two aims: first, to compare the results of the different codes at various operating conditions. Second, to use these results to perform an initial optimization of the core parameters that would allow defining a reference design to be used for the second set of benchmark studies. Special emphasis was given in the neutronic benchmark to the adequacy of the codes to correctly account for the effects of a liquid fuel and a fast neutron spectrum.
Description of the neutronic benchmark

Core geometry used in the benchmark
As shown in Figure 2 , the core has a cylindrical shape with its diameter equal to its height filled with a circulating fuel salt. The core is composed of three volumes: the active core, the upper plenum and the lower plenum. The fuel salt considered in the simulations is a binary salt, LiF À (Heavy Nuclei)F 4 , whose (HN)F 4 proportion is set at 22.5 mol% (eutectic point), corresponding to a melting temperature of 565°C. The choice of this fuel salt composition relies on many systematic studies (influence of the chemical reprocessing on the neutronic behavior, burning capabilities, deterministic safety evaluation and deployment capabilities). This salt composition leads to a fast neutron spectrum in the core. 4.0 which absorbs the remaining neutrons and protects the heat exchangers. The thickness of this B 4 C protection has been determined so that the neutron flux from the core is negligible compared to the flux of delayed neutrons emitted in the heat exchangers. The radial blanket geometry is an angular section torus 188 cm high and 50 cm thick. The 2 cm thick walls are made of Ni-based alloy (see composition in Tab. 2). A single volume of fertile salt is considered, homogenous and cooled to a mean temperature of 650°C. A temperature variation of the fertile salt of around 30°C between the bottom and the top of the fertile blanket may be introduced to check its low impact on the reactor evolution.
Fuel salt initial composition
The core contains a fluoride fuel salt, composed of 77.5 mol% of LiF enriched in 7 Li (99.995 at.%) and 22.5 mol% of heavy nuclei (HN) among the fissile element. This HN fraction is kept constant during reactor evolution, the produced FPs replacing an equivalent proportion of the lithium. The neutronics benchmark focuses on the 233 U-started and the TRU-started MSFR. Dedicated studies have been performed in the frame of EVOL to optimize the initial fuel salt compositions, based on neutronics and chemical and material issues [18, 20] . Table 4 and corresponding to the transuranic elements contained in SNF from UOX fuel after use in a standard LWR with burn-up of 60 GWd/ton and after 5 yr of storage. The amounts of TRU elements initially loaded in the TRU-started MSFR are given in Table 4 .
Fuel salt reprocessing considered for the evolution calculations
As displayed in Figure 3 , the salt management combines a salt control unit, an online gaseous extraction system and an offline lanthanide extraction component by pyrochemistry.
The gaseous extraction system, where helium bubbles are injected into the core, removes all nonsoluble fission products (noble metals and gaseous fission products). This online bubbling extraction has a removal period T 1/2 = 30 s in the simulations. The elements extracted by this system are the following: Z = 1, 2, 7, 8, 10, 18, 36, 41, 42, 43, 44, 45, 46, 47, 51, 52, 54 and 86 [21] .
A fraction of the salt is periodically withdrawn and reprocessed offline in order to extract the lanthanides before it is sent back to the core. The actinides are sent back to the core as soon as possible in order to be burnt. With the online control and adjustment part, the salt composition and properties are checked.
The rate at which this offline salt reprocessing is done depends on the desired breeding performance. In the reference simulations, we have fixed the reprocessing rate at 40 L/day whatever the fuel salt volume, i.e. the whole core is reprocessed in 450 days. In the simulation of the reactor evolution, this is taken into account through a 100% offline extraction of the following fission products in 450 days: Thanks to this simplified reprocessing scheme, even if not totally realistic, a stationary state may be reached during the reactor evolution.
The fission products of the fertile blanket are slowly removed, with a rate of 0.4 L of salt cleaned per day i.e. the whole fertile salt volume (7.3 m 3 ) cleaned in 19250 days (52.7 yr) [15] . The actinides, mostly 233 U, are extracted and then reinjected into the core at a rate of 40 L of salt cleaned per day. Additionally, the gaseous fission products are extracted in the same way as in the core (see above).
Delayed neutron precursors
For all the calculations presented here, unless otherwise specified in Section 3.2, mean values of abundances for the neutron precursors (see Tab. 5) have been considered for fissions that are due to 233 U (90%) and 235 U (10%) with a spectrum located between a thermal and a fast one (50% of thermal spectrum and 50% of fast spectrum) [22] .
Tools used for the neutronics and evolution calculations
Since the partners of the EVOL and MARS projects use different numerical tools for the reactor analysis based on neutronic calculations, a comparative evaluation of the existing codes was necessary. The different numerical tools developed or used by the partners of the EVOL and MARS projects are listed in Table 6 , the first objective of the benchmark being to evaluate their adequacy to simulate the core of the MSFR, which combines both a liquid fuel and a fast neutron spectrum. First, a calculation of the effective multiplication coefficient k eff for the compositions are provided in the benchmark and reminded in Table 7 .
The results of this calculation (see Tab. 8) show some important discrepancies that may be understood by looking more deeply into the reaction rates corresponding to each reactor calculation. The uncertainty on k corresponds to the statistical uncertainty for the stochastic tools. As can be concluded from Table 9 (for the 233 U-started MSFR composition), the choice of the database impacts the results, especially for the capture rates of 233 U and 232 Th. As shown in Figures 3 and 4 , the (n, g) cross sections of 233 U and 232 Th show some noticeable discrepancies between the different databases.
Using JEFF-3.1 database, LPSC and POLIMI calculations are globally in good agreement even if some small discrepancies may be noticed on the 6 Li reaction rates.
Adjustment of the critical amount of initial fissile matter
The adjustments of the initial fissile amount have been performed either for k prompt = 1 or k eff = 1 depending on the partner, the precision Dk corresponding to each evaluation being indicated in Table 10 for the 233 U-started MSFR and in Table 11 for the TRU-started MSFR. Again, some differences are observed, especially for the 233 U-started MSFR. Those are partly due to the different databases used for this evaluation by each partner, as already mentioned.
The critical inventories adjusted by each partner are quite similar despite the various calculation tools and databases used. We have to notice that the amount of 233 U is the most sensitive to these differences between the calculations, the differences on its evaluation being mainly due to the database used. In particular, the (n, g) cross sections of 233 
U and 232
Th show some noticeable discrepancies between the different databases (see Figs. 3 and 4) .
Delayed neutron fraction
In Tables 12-14 , the following definitions are used: -b 0 is the physical fraction of delayed neutrons.
-b eff is the fraction taking into account the importance of the delayed neutrons for the fission compared to the prompt neutrons (E n Delayed < E n Prompt ). -b circ is the fraction of delayed neutrons accounting the motion of the fuel salt.
As expected, the TRU-started MSFR composition has the smallest fraction of delayed neutrons, while 233 U-started MSFR composition the highest delayed neutron fraction according to all participants. It is clear that the circulation of the fuel salt has an important influence on the delayed neutron fraction. The correction factor is about 0.5 with different evaluation methods. This corresponds to the proportion of the fuel salt volume in the core. Some more precise evaluations have been performed by POLIMI with JEFF-3.1, as detailed in reference [23] . Figure 5 shows the influence of the different methods and models used to estimate the loss of the delayed neutrons due to the circulation of the fuel. We can observe that the flow distribution, for example with or without the recirculation of the fluid near the blanket wall, influences the factor calculation by up to 10-15%. The recirculation trends to increase the fraction of delayed neutrons emitted in the core.
Generation time
The results are presented in Table 15 . The definitions used by each partner for the determination of the generation time are the following:
-ERANOS: weighted with adjoint flux -POLIMI SERPENT and LPSC: implicit prompt lifetime -POLIMI SERPENT: weighted with adjoint flux (based on the Iterated Fission Probability method) -TU Delft: lifetime evaluated as 
According to different definitions used by the partners, there is a global agreement regarding the prompt lifetime calculation. POLIMI's evaluations with SERPENT are in a very good agreement with the results of LPSC using MCNP and of TU Delft, especially for the initial compositions. Adjoint-weighted generation times were calculated by POLIMI with ERANOS and SERPENT codes; for the TRU-started composition, the generation time is much lower, almost half compared to the 233 U-started composition.
Calculations performed by POLITO using an analog and an implicit method are in a very good agreement with each other, but these values are slightly lower (around 20%) compared to the other evaluations. This may come from the evaluation here of the "prompt neutron reproduction time," which differs from both the generation time and the average prompt lifetime of other partners.
Thermal feedback coefficients
In the benchmark, the idea was to calculate the two contributions of the feedback coefficient (Doppler and density coefficients), together with the total value and its uncertainty. LPSC calculations were performed with a DT of 100 K (neutronic calculations at 925 K and 1025 K). Similarly, Kurchatov Institute's calculations were performed at 900 and 1000 K. The results from POLITO were calculated at 900 and 1200 K (data libraries available by default in SERPENT). At POLIMI, the evaluations were carried out using three different databases: ENDF/B-6.8, ENDF/B-7 and JEFF-3.1. The Doppler coefficient was estimated by a comparison of two Monte Carlo runs with fuel temperature at 900 and 1200 K. The density coefficient was calculated reducing the fuel density by 5% (from nominal value). The results are presented in Tables 16-20. For TU Delft, the total feedback coefficient is calculated using the steady-state flow and setting the entire reactor first at 650°C and then at 750°C. The total feedback coefficient is calculated by taking the difference between the two corresponding reactivity values and dividing by 100. As for other partners, the Doppler feedback coefficient is calculated by holding the density constant when calculating the cross sections. The density feedback coefficient is calculated while only varying the density.
The results are summarized in Figures 6 and 7 and show an overall good agreement for all compositions in the case of the initial composition of the fuel salt. The density coefficient (corresponding to the void coefficient) U-started MSFR as its initial composition, the choice of the database has an influence on the density coefficient but has a negligible impact for the Doppler coefficient calculation. The evaluations of the Doppler effect for the initial transuranic composition are consistent within different codes and different nuclear data sets used. Only two calculations were available for the steady-state composition comparison. Those show some differences for the Doppler and density coefficient calculations, while keeping the total feedback coefficient consistent. Also, the evolution of the feedback coefficient evaluated by LPSC and KI shows the same tendencies, especially for the 233 U-started MSFR.
As expected, it is to point out that the initial transuranic composition presents the smallest negative feedback coefficient. These evaluations performed by all partners confirm that the total feedback coefficient as well as its two contributions are negative, which enhances strongly the intrinsic stability of the reactor.
Neutron spectrum of the MSFR
This fuel salt composition of the MSFR with 22.5 mol% of heavy nuclei leads to a fast neutron spectrum in the core, as shown in Figure 8 , where the fast neutron spectrum of the simulated reference MSFR is compared to the spectra of two solid-fuel reactors: a sodium-cooled fast neutron reactor (SFR) and a thermal pressurized water reactor (PWR). The large Na scattering cross section appears clearly on the red curve at 2.8 keV, while the scattering cross section of fluorine and lithium (see Fig. 9 ) shows on the green curve between 0.1 and 1 MeV. First, the neutron spectrum calculation has been evaluated with different tools in continuous neutron energy and with the same database. The evaluations from POLITO (SERPENT), LPSC, POLIMI (SERPENT) with JEFF-3.1 are shown in Figure 10 . The agreement between the curves is almost perfect. Some differences may be observed at lower energy (0.0001-0.01 MeV), which are due to the use of different energy steps at POLITO compared to LPSC and POLIMI. Some differences may also be observed around 0.1 MeV, which are due to the different options of reconstruction methods in the unresolved resonance region used for the cross section calculations. Finally, the calculations performed at KIAE with ENDF/B-6 fit perfectly with LPSC's and POLIMI's calculations despite the different databases used. Figure 11 presents the sensitivity study of the neutron spectrum to the data basis used. Some large differences are observed using JEFF-3.1, ENDF/B-6.8 and JENDL-3 databases. These differences may be partly explained when studying the fluoride diffusion cross section (see Fig. 12 ). This cross section is evaluated differently within the databases JENDL-3, JEFF-3.1 or ENDF/B-6.8.
The MSFR neutron spectra calculated in the deterministic codes ERANOS (POLIMI), HELIOS (HZDR) and DALTON (TU Delft) are shown in Figure 13 . The evaluated spectra show an overall good agreement. The evaluation with ERANOS presents a neutron increase at low energy (10 À8 -10 À6 MeV), which is probably due to the choice of the numerical tolerance in the calculation, since the flux value is very low in this region. The calculation performed with HELIOS presents a more significant thermal neutron contribution compared to other codes. Indeed, the volume for the flux calculation included not only the fuel salt in the core but also in the reflectors, which contributes significantly to the thermal neutron flux. and of a Na-cooled fast neutron reactor (FNR-Na À red curve) compared to the thermalized spectrum of a pressurized water reactor (PWR À blue curve). The neutron flux distribution in the core and the fertile blanket is represented in Figure 14 . Due to the homogeneity of fuel composition, the typical cosine/Bessel shape is obtained for the flux distribution in the core. The neutron flux in the fertile blanket is one order of magnitude lower than in the core. The neutron flux in the fertile blanket is also affected by the fuel salt circulating out of the core, as shown in Figure 14 .
The neutron spectrum was also studied at different radial positions to identify some spatial effects. As shown in Figure 15 , the neutron spectrum is very similar for different radial positions, but it becomes slightly more thermal next to the reflector. This effect is observed for both the initial compositions.
Finally, the neutron spectrum was calculated for the different compositions of the MSFR:
233 U-started, TRU-started MSFR initial composition and steady-state composition, as presented in Figure 16 . The TRU-started composition has the fastest spectrum and the 233 U-started composition the most thermal one, but all three curves are very close. The impact of the fuel salt composition is quite small.
Evolution calculations 4.2.1 Steady-state composition and evolution of the heavy nuclei inventories
The utilization of TRU elements to start the reactor increases the initial amounts of minor actinides compared to the 233 U-started MSFR. But at steady state, the fuel salt compositions of TRU-started and 233 U-started MSFRs are identical, the initial TRU being converted into 233 U, as shown in Figure 17 .
Th, Pa and U reach their equilibrium concentration rather quickly, while a few dozen years are necessary to burn 90% of the Pu and Np initial load and around a century for the Am and Cm elements. The in-core Cm inventory reaches a maximum of 390 kg (with 265 kg of 244 Cm) after 26 yr of operation. As observed in Figures 18 and 20 , the results obtained with different tools but with the same nuclear data sets are in very good agreement for the actinides and fission products, both for the 233 U-started and TRU-started MSFRs. The choice of the database has an important impact on the inventories evolution (see Figs. 19 and 21 ). Detailed studies of the evolution of some specific nuclei are presented in the following sections.
Fuel salt evolution for the 233 U-started MSFR
First, the evolution calculations were performed for the 233 U-started MSFR. Figure 22 shows the 233 U and the total uranium inventory evaluated with different data sets: ENDF/B-6, ENDF/B-7 and JEFF-3.1. The uranium amount seems to be dependent on the database used. The ENDF/B-7 database shows the most important difference on the uranium inventory that is higher than with other databases. This difference may be partly explained by looking at the neutron capture cross section of 233 U, evaluated in different databases, as shown in Figure 4 . Indeed, in the range of 0.001-0.1 MeV, the cross sections are evaluated differently, and ENDF/B-7 evaluation seems to be the highest one regarding the neutron capture.
Since the data basis seems to have an impact on the uranium inventory in the fuel salt, the tool comparison was performed while using the same data basis. Figures 23-25 show the tool comparison used by LPSC, POLIMI (ERANOS and SERPENT), TU Delft and KI. One can observe that the uranium and 233 U inventories are in a very good agreement, especially for longer operation time.
233
U inventory evaluated with the deterministic code ERANOS is however slightly lower compared to the evaluation with the other tools. evaluated at Kurchatov Institute is lower compared to those calculated at LPSC and POLIMI (SERPENT). Similarly, with the ENDF/B-7 database, the evaluations of POLIMI (SERPENT) are lower than that of TU Delft.
The inventories of different plutonium isotopes calculated with SERPENT (POLIMI) with different databases are presented in Figure 27 . Similar to uranium isotopes, the choice of the database has influence only on the plutonium isotopes inventories. Different simulations performed by the partners with the same database (ENDF-B6) are thereby in a very good agreement as shown in Figure 28 .
Fuel salt evolution for the TRU-started MSFR
For the TRU-started MSFR simulations, the evolution of the minor actinides inventory in the core has been calculated and is presented in Figure 29 . This transuranic elements inventory considered here included the Pu, Np, Am and Cm elements. This inventory is reduced from 12 tons to some hundreds of kilograms at steady state. The different simulations show a very good agreement on this minor actinides burning. When considering the plutonium inventory, as shown in Figure 30 , similar conclusions are found.
During TRU-started MSFR operation, the uranium quantity increases as presented in Figure 31 . As observed previously, the database used for the calculation has only a small impact on the uranium inventory of the fuel salt. Thereby, the 233 U inventory is in a very good agreement for different databases, see Figure 32 . 
Evolution of the fission products composition
In order to compare the fission products extraction simulated in the various evolution codes, the total fission products inventory as a function of the operation time was calculated as shown in Figure 33 . The values obtained at TU Delft, LPSC and Kurchatov Institute are in a very good agreement, while the ERANOS calculation leads to a fission products inventory reduced by a factor 2. This difference is due to the assumptions used in the ERANOS code evolution, where some fission products are neglected in the inventory.
Breeding gain and breeding ratio evolution
The breeding gain was defined in the benchmark template as a ratio of uranium in the core and the blanket, so that the uranium extracted from the blanket, and uranium supply in the core, has to be taken into account.
BG ¼
Extra produced fissile material Operation time ¼ Balance of 233 U ðsystem: core þ blanketÞ:
The calculations of the breeding gain for the 233 U-started MSFR are presented in Figure 34 . The values calculated by the different partners with the same database (ENDF/B-6) are very close, around 90 kg/yr. While changing the database, this value can be increased up to 140 kg/yr (JEFF-3.1) or decreased down to 50 kg/yr The same definition of the breeding gain was used for the TRU-started MSFR, as presented in Figure 35 . The breeding gain after 100 yr of operation is about 140 kg/yr, which is higher than the one obtained for 233 U-started MSFR. This difference may be explained by the fact that the TRU-started MSFR is using its initial load of minor actinides to produce power, the produced 233 U being stored; while in the 233 U-started MSFR, a part of the produced 233 U is directly fissioned. A breeding gain taking into account a balance of all the fissile matters and not only 233 U would be more precise in the case of the TRU-started MSFR.
Similar conclusions may be observed concerning the impact of the database used: the different codes are in a good agreement, especially at longer term when using the same database.
The breeding ratio of the MSFR, as described below, has also been evaluated: The results, listed in Table 21 , are in good agreement when using the same database (see LPSC and KI calculations), except for the results provided by POLITO. Their definition of the breeding ratio is indeed different from that suggested in the template, corresponding to: This last definition relying on the capture rate of the 232 Th and not on the decay of the produced 233 Pa, the delay corresponding to the period of the 233 Pa is neglected, as for the possible parasitic captures on the 233 Pa. This leads to a light overestimation of the breeding ratio, mainly at the beginning of life of the reactor.
Conclusions
A large range of important neutronic parameters calculated by multiple benchmark participants were compared, using different calculation tools, databases and methods. An overall good agreement could be observed for the static neutronic parameters as thermal feedback coefficients, delayed neutron fractions, generation time, neutron flux and initial critical nuclide composition. Only small discrepancies were thereby observed for the evaluations based on different calculation tools, the main one being due to hypotheses in the FP evolution calculation by ERANOS, while the choice of the nuclear database has a more consequent impact on all the results.
As mentioned above, during the initial reactor design studies, in particular those related to the neutronic calculations, the MSFR core was approximated as a single compact cylinder (2.25 m high Â 2.25 m diameter). The next step is the thermal-hydraulics simulations benchmark. Preliminary thermal-hydraulics calculations performed in the frame of the EVOL project have shown that the simple design used for the first benchmark of neutronic calculations induces a hot spot in the salt flow.
Because it is not efficient to compare results too far from the working point of the MSFR, a more complex torus geometry has been designed for the thermal-hydraulics benchmark in order to obtain acceptable thermal-hydraulic performances [24] [25] [26] [27] [28] . Since 2005, R&D on molten salt reactors has been focused on fast spectrum concepts (as for the MSFR), which have been recognized as long-term alternative to solid-fuelled fast neutron systems with attractive features such as large negative temperature and void coefficients, low fissile inventory, simplified fuel cycle, waste reduction, etc. No show stoppers have been identified but almost all the technology remains to be tested and a safety approach dedicated to this type of reactors has to be developed to assess the potential advantages and to prove the viability of such innovative of fast-spectrum molten salt systems.
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